Polycomb-group response elements (PREs) are DNA elements through which the Polycomb-group (PcG) of transcriptional repressors act. Many of the PcG proteins are associated with two protein complexes that repress gene expression by modifying chromatin. Both of these protein complexes specifically associate with PREs in vivo, however, it is not known how they are recruited or held at the PRE. PREs are complex elements, made up of binding sites for many proteins. Our laboratory has been working to define all the sequences and DNA binding proteins required for the activity of a 181 bp PRE from the Drosophila engrailed gene. Here we show that one of the sites necessary for PRE activity, Site 2, can be bound by members of the Sp1/KLF family of zinc finger proteins. There are 10 Sp1/KLF family members in Drosophila, and nine of them bind to Site 2. We derive a consensus binding site for the Sp1/KLF Drosophila family members and show that this consensus sequence is present in most of the molecularly characterized PREs. These data suggest that one or more Sp1/KLF family members play a role in PRE function in Drosophila.
INTRODUCTION
Polycomb-group response elements (PREs) and Trithoraxgroup response elements (TREs) are DNA elements that are the targets of the Drosophila Polycomb-group (PcG) and Trithorax-group (TrxG) of genes, respectively. PcG genes encode proteins that act as transcriptional repressors and TrxG genes encode transcriptional activators. The best-studied targets of the PcG and TrxG genes are the homeotic genes in Drosophila where PcG and TrxG genes do not initiate the pattern of gene expression, but rather serve as the molecular memory to keep genes in either the off or on state. At the homeotic genes, PREs and TREs are often closely associated or interspersed [for reviews see (1, 2, 3) ].
Many PcG and TrxG genes encode proteins that work in complexes to modify chromatin. For example, there are two well characterized PcG complexes, PRC2, or the E(z)/Esc complex (4-7) and PRC1, a complex that contains the PcG proteins Polycomb (Pc), Polyhomeotic (Ph), dRing/Sex combs extra (Sce), (8) and Posterior sex combs (Psc) (9) . Chromatinimmunoprecipitation experiments have shown that PcG proteins are specifically bound to PREs in vivo [e.g. (10, 11) ], however, it is not known how they get recruited to the DNA, since these complexes do not specifically associate with PRE sequences in vitro.
Much effort has gone into trying to understand what constitutes a PRE in order to understand how PcG protein complexes are recruited to the DNA and to predict the occurrence of PREs by sequence analysis (12) . PREs are complex elements-no single DNA binding site can act as a PRE. Instead, PREs are made up of binding sites for many different proteins. To date most PREs studied at the molecular level have been shown to contain DNA binding sites (usually multiple copies) for the proteins Pleiohomeotic (Pho) and its partially redundant homolog Pleiohomeotic-like (Phol), Zeste, GAGA Factor (GAF)/Pipsqueak (Psq) [reviewed in (1) ] and Dorsal Switch Protein 1 (Dsp1) (13) . Ringrose et al. (12) have reported that clustered pairs of GAF/Psq, Zeste and Pho/Phol sites can predict the location of many PREs. However it has recently been shown that a combination of Zeste, Dsp1, GAF/Psq and Pho/Phol sites in the same number, orientation and spacing as in the native PRE is insufficient to restore full PRE activity (13) . This suggests that all of the DNA binding sites necessary for PRE activity are still not known.
With the aim of identifying the binding sites and factors necessary for PRE function, our lab has been trying to define the components that constitute a minimal 181 bp PRE at À576 to À395 upstream of the Drosophila engrailed gene. This element was originally identified in a pairing-sensitive silencing assay (14) , an assay used to detect the function of many PREs. When PREs are included in the vector pCaSpeR, they have an unusual effect on the eye color marker mini-white. Normally, when transgenic flies are made with pCaSpeR, flies homozygous for the transgene have a darker eye color than flies heterozygous for the transgene. However, when a PRE is included in the pCaSpeR vector, the eye color of homozygous flies is often lighter than that of heterozygotes. This phenomenon is dependent on the chromosomes being able to pair. Fragments of DNA that mediate pairing-sensitive silencing are called pairing-sensitive elements (PSEs). Not all PSEs have been shown to act as PREs and vice versa [for review see (15) ]. The engrailed 181 bp element behaves both as a PRE and a PSE (16) .
The 181 bp engrailed PRE contains 3 GAF/Psq sites, 2 Pho/Phol sites, 2 potential Zeste sites and 1 Dsp1 site that almost entirely overlaps the Pho/Phol site that we have studied by mutational analysis (Figure 1 ). In addition to these known sites, we have identified a number of other protein-binding sites required for pairing-sensitive silencing [ Figure 1 , ref (16) ]. Here we investigate the role of one of these protein-binding sites, Site 2, in PRE function and show that the Sp1/KLF family of proteins bind to this site. We find that Sp1/KLF binding sites are present in most well characterized PREs.
MATERIALS AND METHODS

Analysis of PRE activity
The construction of the 181-bxd-Ubx-LacZ construct was described in Americo et al. (16) . The MutSite2 181 PRE was amplified from the pCasper/MutSite2 construct as described in Americo et al. (16) using 5 0 and 3 0 primers containing Xho1 sites. The amplified product was cloned as an Xho1 fragment into the Xho1 site of the bxd-Ubx-lacZ construct. The base changes in Mutsite2 are shown in Figure 3 . The pCasper/ MutPho construct described in Americo et al. (16) 
Cloning of the zinc finger domains into the pT7link expression vector
The zinc finger domains of the Sp1/KLF proteins were generated either by PCR directly from the cDNA or by RT-PCR from genomic DNA. Primers were designed that would PCR amplify the entire zinc finger region of each protein with an additional 8 N-terminal amino acids. The primers contained BamHI and XhoI ends for cloning the zinc finger regions downstream of the b-globin 5 0 -UTR and ATG in the pT7link expression vector (provided by R. Treisman). Each of the clones was confirmed by sequencing and used for in vitro transcription/translation.
Gel mobility shift assay
Recombinant proteins were synthesized in vitro using the TNT-coupled transcription/translation system (Promega). Gel mobility shift assays were performed as described previously (16) using 3 ml of the in vitro translation reaction.
Searching known PRE and PSE sequences for Site 2 and other known protein-binding sites
The sequences of known PREs and PSEs were searched for the presence of consensus binding sites for Sp1/KLF family members, Pho/Phol, GAF/Psq, Zeste and DSP1 proteins. The exact parameters of the consensus sequences are given in the legend to Table 1 . Consensus sequences were localized using a sequence visualization software program named Gene Palette (www.genepalette.org), (17) . Pho/Phol, GAF/Psq and one of the Zeste consensus sites were chosen based on Ringrose et al. (12) . The Sp1/KLF consensus site is as described in the text. We used an additional version of the Zeste consensus site (BGAGTGV) as described by Mohrmann et al. (18) . The DSP1 consensus site came from Dejardin et al. (13) . 
RESULTS
Site 2 is required for PRE activity of the 181 bp engrailed fragment
We have previously shown that Site 2 is required for pairingsensitive silencing of the 181 bp engrailed PRE (16). Here we ask whether Site 2 is also important for the PRE activity of that fragment. We used the bxd-Ubx-lacZ reporter construct (19) to test the effect of mutations in Site 2 on PRE activity. In the absence of a PRE, the bxd-Ubx-lacZ reporter construct expresses lacZ throughout the embryo, in both the ectoderm and the nervous system, late in development ( Figure 2A ). When the 181 bp PRE from the Drosophila engrailed gene is included in this vector, lacZ expression is restricted to parasegment six and posterior segments [ Figure 2B and ref (16) ]. We saw restricted expression patterns in 75% of our lines, a number consistent with what has been seen by other investigators as PREs are not active in all chromosomal insertion sites.
We next introduced mutations into either Site 2 or the two Pho/Phol binding sites in the 181 bp fragment in the context of the bxd-Ubx-lacZ vector. The effect on PRE activity, as (54) 1413 5 assayed by embryonic b-galactosidase expression patterns, was analyzed. Mutation of either the Pho/Phol sites or Site 2 caused a reduction in the percentage of lines that had PRE activity. Both mutated constructs gave results that were significantly different from the expected frequency of 75% PRE activity for the unmutated construct (P < 0.001 by a chi-squared test). There were still a small percentage of lines with restricted expression in the Pho/Phol (20%), and the Site 2 mutant transgene (29%) as well as in the vector only control (8%). This probably reflects the fact that the bxd enhancer and the Ubx promoter are poised to work with flanking genomic PREs and may contain weak PRE activity on their own (19 
Members of the Sp1/KLF family bind to Site 2
In order to identify the protein(s) that interact with Site 2 we carried out a yeast one-hybrid screen using multimerized Site 2 as bait. We isolated four cDNA clones that showed specific binding to Site 2 but not to a mutated Site 2 ( Figure 3 ). Each of these four clones encoded a member of the Sp1/KLF family of zinc finger proteins [CG5669, CG12029 (two different length clones) and luna]. The consensus binding sequence for the Sp1/KLF family based on mutational analysis of a KLF family member (KLF4) binding site is (G/A)(G/A)GG(C/T)G(C/T), (20) . The Site 2 sequence contains a perfect match to this consensus sequence (Figure 3) . The Sp1/KLF family is an important group of proteins that in mammals have been shown to be involved in cell morphogenesis, differentiation and cancer. These proteins share a high degree of homology over 3 Cys2/His2 zinc fingers (>65% sequence identity with each other), located at or close to the C-terminal end of the protein. The N-terminal regions are generally unique [for reviews see (21, 22) ].
We identified three members of the Sp1/KLF family in our yeast one-hybrid screen, however our screen was not saturating. When we searched the Drosophila genome sequence for homology to the zinc finger region of these proteins we identified a total of 10 members of this class in Drosophila. The zinc finger regions of these members are highly conserved as summarized in Figure 4 . The mammalian factors can be subdivided into three classes (Sp1/class I family, class II family and class III family) based on closer homology between members of the subfamily relative to members outside the subfamily [reviewed in (21) ]. This homology sometimes extends to functional protein domains that lie outside the DNA binding domain. The Drosophila proteins can also be placed into different groups based on homology of the zinc fingers with the zinc fingers of the human SP1/KLF proteins. CG5669, dSp1 and Btd are more closely related to the Sp1/Class I proteins than to the KLF proteins. In fact, dSp1 has 97% amino acid identity with hSp8 zinc fingers and also has homology to hSp8 in the region N-terminal to the zinc fingers. For CG5669 and Btd it is hard to assign a homolog since they have significant identity with a number of Class I proteins. Sequence identities of CG5669 with the zinc fingers of Class I range from 76 to 87%, for Btd the range is 65-74%. CG12029, Luna and CG9895 have closer amino acid identity to the Class II human proteins. Luna is most closely related to KLF6 and KLF7 and shows conservation of a putative activation domain at the N-terminus (23) . Cabot (also known as CG4427) and Bteb2 seem to belong to the class III subclass showing 72-85% identity with human members of this class. Hkb and CG3065 are harder to place. CG3065 has 62-65% identity to members of the Sp1 family and 62-64% identity with KLF9 and KLF14 members of class III. Hkb is the most diverged member of this class of proteins. The highest degree of homology for Hkb is 53% identity with hSp5 and it is difficult to say whether it should be placed in this family at all. We note that Hkb binds only weakly to sequences that match the Sp1/KLF consensus ( Figure 5) .
Each of the zinc finger regions of these 10 proteins were cloned in frame into an in vitro transcription/translation vector and expressed in vitro. The products were tested for binding to Site 2. Nine of the 10 Drosophila Sp1/KLF family member zinc fingers show binding to Site 2 and only CG3065 shows no binding ( Figure 5B ). Binding to each of these factors is specific based on competition experiments (Figure 3 and data not shown). No binding was seen with product from the vector alone (data not shown). Binding of Luna, Cabot and Hkb to Site 2 is very weak. This result is not due to the production of inactive protein since, with the exception of Hkb, we see strong binding of these factors to other binding site sequences (see below Figure 5 ).
In order to get a better idea of the binding specificity of the Drosophila Sp1/KLF family members, we tested their binding to six additional oligonucleotides ( Figure 5 ). BTE, Sp1 and AP2 are sequences that have previously been used to test binding specificity of human KLF4 (20) We next tested sequences with mismatches within the consensus to get a better idea of the binding specificity of the Drosophila family members. PRE D 2, has one mismatch to the consensus, it has a C rather than a G or A in position 2. PRE D 2 did not bind any of the Drosophila Sp1/KLF family members. An AP2 binding site, that contained a C instead of a G or A at the first position did not bind any of the Sp1/KLF zinc fingers with high affinity. The importance of the first base is also seen with the Mutsite2 oligonucleotide ( Figure 3 ). Mutsite2 contains the sequence CGGGCGT, a mismatch in the first position of the consensus, and does not compete for binding with the Site 2 oligonucleotide. Oligo A, which differs from the consensus sequence at position 5 having an A instead of a C or T, did not bind any of the 10 Sp1/KLF zinc fingers. This data set tells us that the Sp1/KLF consensus derived by Shields and Yang (20) is largely predictive of which sites will be bound by the Drosophila factors. Shields and Yang (20) report a C/T for the seventh base of the KLF consensus binding site. However, their experiments showed that an A in the seventh position was also able to compete for binding of the KLF4 factor although not as well as a C or T in this position. This suggests that A can also be added to the seventh position. In addition, binding sites for the mammalian Sp1 class of factors would predict that a G in the last position of the consensus sequence is also a valid binding site (25) . Note that the Sp1 oligonucleotide we used contained both the sequences GGGGCGG and GGGGCGA. This oligonucleotide was bound quite well by several factors. Based on our analysis here, the data of Shields and Yang (20) , and what is known of the Sp1 binding site we propose that any base may function in the seventh position of the consensus making it (G/A)(G/A) GG(T/C)G.
Sp1/KLF binding sites are present in many PREs and PSEs
We have found sequences that are bound by the Sp1/KLF family of proteins in both the engrailed 181 bp PRE and in PRE D of Ubx. Are Sp1/KLF binding sites a general feature of PREs as has been found for Pho/Phol, Dsp1, GAF/Psq and Zeste binding sites? To address this question we have searched the molecularly well-defined PRE (fragments under 1.5 kb) and PSEs sequences for the presence of the Sp1/KLF consensus sequence using the Gene Palatte sequence analysis program (see Materials and Methods). We searched using the consensus sequence described above [(G/A) (G/A) GG (T/C) G]. We note that this consensus is based on a small data sample and may not detect all potential Sp1/KLF binding sites. For example, some of the mammalian family members bind to a GT box [GGTGTGGGG, (26) ] a sequence that is not contained in the Sp1/KLF consensus we used. We also included in our search the distribution of potential Pho/Phol, GAF/Psq, Zeste and Dsp1 sites in these PREs/PSEs. Of the fragments we examined, the 181 engrailed PRE, iab-7 PRE and the iab-8 PRE have all been shown to act as both PREs and to mediate pairing-sensitive silencing (PSS). PRE D has not been tested for PSS, but multimerized copies of subfragments of this PRE have been shown to mediate PSS (27) . A 450 bp engrailed fragment located from À1944 to À1503 upstream of the engrailed transcription start site and fragments of DNA from escargot, even-skipped and proboscipedia mediate PSS. The minimal MCP element, a 142 bp fragment from the iab-5 regulatory region of the Abdominal-B gene, acts as a PRE in vectors designed to test for PRE activity but does not mediate PSS (28, 29) .
The distributions of the various binding sites in the PRE/PSEs are summarized in Table 1 . Of the PREs and PSEs we examined, all except the minimal MCP element have potential Sp1/KLF binding sites and about one-half of them contain more than one potential Sp1/KLF consensus binding site. In addition all but the minimal MCP element contain potential Pho/Phol, GAF/Psq, Zeste and Dsp1 sites, often in multiple copies (see Table 1 ). The minimal MCP1 element seems to be atypical by not having Zeste or Sp1/KLF consensus binding sites. This MCP element was tested for PRE activity in a vector that, like the vector we used to test the PRE activity of the engrailed 181 bp PRE, contains Ubx sequences containing many potential Sp1/KLF binding sites as well as binding sites for other PRE-binding factors. When we searched the larger 823 bp MCP sequence that has been shown to have insulator and pairing activity, we detect a potential Sp1/KLF binding site and a match to the Zeste consensus binding site. It is interesting to note that the minimal MCP element lacks Zeste sites and does not mediate PSS. Zeste has long been known to be involved in transvection, mediating trans-interactions between chromosomes and it has been speculated that it may play a role in mediating interactions between the PRE and the promoter in PcG silencing (30) .
The presence of potential Sp1/KLF sites in so many different PREs and PSEs suggests that Sp1/KLF binding sites may play a general role in PRE function. We note that the Sp1/KLF consensus sequence was not one of the sequence motifs found to be statistically enriched in PREs over random sequence by Ringrose et al. (12) . However, this may be because it is so short and degenerate (RRGGYG). The Zeste binding motif is also very short and degenerate (YGAGYG) and was also not statistically enriched in PREs over random sequence (Ringrose et al. (12) . Clearly the function of Sp1/KLF binding sites in other PREs will need to be tested, preferably in vectors that do not contain nearby Sp1/KLF consensus sequences.
Function of the Drosophila Sp1/KLF family members
The Sp1/KLF family of proteins in mammals is very complex. These proteins can be activators or repressors; some can do both depending on cellular and binding site context. Some proteins function ubiquitously; whilst others function only in specific cells, and some do both at different stages of development. For example, Sp1 and Sp3 proteins function redundantly early in embryogenesis although they have different functions later in development. There is also competition for binding sites. Post transcriptional modifications can also affect the function of these proteins [for reviews see (21, 22) ].
Of the 10 Drosophila Sp1/KLF members, four are well characterized genetically (btd, dSp1, hkb and cabot). Since these four genes are involved in the development of particular structures in the fly and are not ubiquitously expressed, we believe it unlikely that they play general roles in PcG repression. buttonhead (btd) is important for the development of head structures and mechano-sensory organs (31) . dSp1 is located 50 kb from btd and may act with btd in mechanosensory organ development (32) . hkb mutations have been studied extensively and are found to affect the specification of endoderm (33) , salivary gland development (34), germ cell migration (35) , as well as many other developmental processes. Overexpression of cabot affects sensory organ development (36) . The function of the luna gene during embryogenesis has been studied using RNAi (23) , and the phenotypes obtained do not mimic PcG phenotypes. However, analysis of luna mutants will be necessary to assess its role in PcG function.
We obtained a mutant allele of the Bteb2 gene from the Drosophila genome project. These flies contain an insertion of a piggyback transposon into the coding region of the Bteb2 gene and should produce a null mutation in this gene. These flies are homozygous viable and fertile and have no phenotypic defects. Thus, if the Bteb2 gene plays a role in PcG repression, its role is likely redundant with that of another member of the family. Mutations in the other Sp1/KLF family members have not yet been isolated.
DISCUSSION
Here we describe another binding site important for function of the engrailed 181 bp PRE in Drosophila and present evidence that Sp1/KLF family members can bind to that site. Consensus binding sites for this family of proteins have been found in most of the well characterized PREs implying that this binding site may play a general role in PRE activity.
Identifying which Sp1/KLF factor acts through Site 2 is not a easy task. Not only are a number of members of this class genetically uncharacterized there is also the possibility that there may be functional redundancy as is seen with Pho and Phol. The existence of a viable and fertile Bteb2 mutant suggests that functional redundancy will be observed with the Sp1/KLF family in Drosophila. Experiments using family member-specific antibodies in chromatinimmunoprecipitation experiments on PREs will help elucidate which Sp1/KLF family members play a role in PRE function in Drosophila.
What role the Sp1/KLF family of proteins play in recruiting the PcG complexes to the PRE remains to be elucidated. In fact, for most of the other proteins required for PRE function, their roles are not yet clear. Both GAF and Psq bind the sequence GAGAG (37, 38) , a sequence shown to be important for PRE function (28, 30) . Psq has been shown to be in a complex with PcG proteins isolated from the Drosophila cell line SL2 (39, 40) and psq mutations enhance the mutant phenotypes of the PcG genes polyhomeotic (Ph) and Polycomb (Pc) in larval and adult tissues (39, 41) . This suggests that Psq may be important for PRE function. GAF [for review see ref (42) ] has also been reported to co-purify with some PcG proteins (27) and has been shown by chromatin-immunoprecipitation experiments to be present at PREs (10) . GAF is a member of the TrxG of genes but may also play a role in PcG repression (27, 30, 43) . The DNA binding protein Pho has been shown to bind in vitro to a chromatinized PRE template only if GAF is present (44) . GAF and Psq can interact through their BTB proteinprotein interaction domains and it has been proposed that they may function together in vivo (45) .
Zeste has been shown to be important for both PRE and TRE activity. Zeste is a stoichiometric component of the biochemically purified PcG complex, PRC1 (9) suggesting a role in PcG repression and Hur et al. (30) report that Zeste is required for the PcG-mediated repression of an Ubx transgene. In contrast, experiments with the iab-7 PRE have shown that Zeste binding sites are important for the ability of this DNA to act as a TRE, not as a PRE (46) .
Pho and Phol (47, 48) have recently been shown to be required to recruit an Esc-E(z) complex to a PRE (49) . In vitro, Pho interacts directly with E(z) and Esc whereas Phol interacts with Esc. Recruitment of the Esc-E(z) complex leads to methylation of lysine 27 of histone H3 by the SET domain of E(z). The methylated K27 recruits a Pc-containing complex through interaction of the chromo-domain of Pc with the methylated histone tails. Pho has also been shown to interact with Pc in vitro (50) . Pho/Phol double mutants have a very strong PcG phenotype, much stronger than mutations in the genes encoding the other PRE-binding factors suggesting that Pho/Phol play a central role in PRE function. It has been proposed that Dsp1 facilitates the binding of Pho/Phol to the PRE (13) .
The role that the Sp1/KLF family may play remains to be elucidated but it is intriguing to note that mammalian Sp1 has been reported to interact directly with YY1 (the mammalian homolog of Pho). This interaction requires the first one and a half zinc fingers of YY1, a region that is 96% identical between the Drosophila and mammalian proteins. The 158 amino acid C-terminal region of Sp1 (includes the three zinc fingers and one of the activation domains, domain D), can mediate the interaction leading to an increase in the level of correctly initiated transcripts (51, 52) . These data raise the possibility that Pho or Phol may interact with Sp1/KLF proteins at PREs.
